INTR ODUCTION
Measurement of the curr ent versus voltage (I-V) characteristics of a photovoltaic (PV) cell or module are made with respect to a set of standards [1] . Reference conditions are defmed by a total irradiance, spectral irr adiance, and device temperature. When a photovoltaic reference cell is used to set the light level in a solar simulator, the spectral correction factor [1, 2] is computed before the measurement is pe:rformed using Eq. 
IT.R = calibrated shon -circuit current of the test cell under the reference spectral irradiance (E, e/ A)), f·R = calibrated . short-circuit curr ent of the reference cell under the reference spectral irradiance, lr.s = measured short -circuit current of the test cell under the source or simulator spectrum (E/ A)), f·5 = calibrated short-circuit curr ent of the reference cell under the source or simulator spectrum, CV = calibration value of the reference cell in units of curr ent I irradiance, and
E,e f = total irr adiance.
The spectral mismatch correction factor, M, can be written as:
where:
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Sp\.) =spectral response of the test cell, and S /A) =spectral response of the reference celL (2) For measurements under natural sunlight, the irradiance is measured using a calibrated photovoltaic cell or a thermal detector such as a cavity radiometer or pyranometer, with the spectral correction factor computed after the measurement.
SPECTRAL RESPONSIVITY MEASUREl\tiENT SYSTEl\IIS
Spectral responsivity measurements have been performed at NREL on cells since 1984 [3] and more recently on modules. Spectral responsivity is the photo-current produced by a PV cell when illuminated by a light source of a given wavelength a.. '1d power. The test device signal is compared to the signal from a :NlST -calibrated (or NIST -traceable) reference cell at each wavelength to determine the spectral response. To obtain the quantum efficiency (QE) of a device, the spectral responsivity is converted into the percent of electrons produced versus the photons supplied.
A filter spectral responsivity system is used to perform relative measurements from 280 nm to 1900 nm. A custom curr ent-to-voltage operational amplifier circuit with a programm able gain from 50 to 10,000 is normally used and has a curr ent limit of 200 rnA.
A new technique to measure the spectral responsivity of a module has been developed [4] . Previous module spectral responsivity measurements at :N'"REL involved illuminating the entire module and setting the bias to the normal zero volts. The new technique is essentially a generalization of the procedures to measure the spectral. responsivity of multijunction cells. This procedure involves setting the light bias conditions so that all cells are illuminated with broad-band light, with the cell in the module that you wish ..to measure having less light so that it is current-limiting. The module is forward-biased to slightly less than the open-circuit voltage of the entire module. This procedure has been successfull y used for amorphous Si, CuinSe2, monocrystalline Si, and CdTe modules.
A grating monochromator system measures the absolute spectral responsivity of a cell from 400 nm to 2800 nm. A 1-mm by 3-mm beam is produced by a 100-W tungsten lamp followed by filter and grating combinations, a chopper, and focusing optics. Typical entrance and exit slit combinations yield bandwidths of 10 nm or less.
Curr ents for the test and reference devices are measured using a curre nt-to-voltage preamplifier, which is then fed into a lock-in amplifier, to provide a more accurate measurement. Custom software sets filter and grating positions, lock-in parameters, and runs a variety of measurement checks at each wavelength. Measurement lli '"lCertainties are -2% from 500 nm to 950 nm and -4% from 950 nm to 1850 nm.
A new system for measuring the spectral responsivity of solar photovoltaic devices has been developed [5] . The spectral range is 280-1330 nm. and the bandwidth of the monochromatic beam is -2 run. The light source is a xenon -arc lamp with an ellipsoidal reflector. A three-section, custom fiber-optic bundle provides monochromatic and bias light to the sample and a reference signal to a monitor cell.
The data provided by these three spectral responsivity systems supply the va lue sp\.)
for calculating the spectral correction factor, provide an estimate of the spectrial sensitivity, and estimate the Isc of a given sample.
I-V DATA COLLECTION SYSTElVIS
The I-V data acquisition systems used by the PV Cell and Module Performance Team at NREL are summarized in The Spectrolab X25 solar simulator has provided reliable measurements on PV cells for many years [6 ] , curr ently providing over 40 measurements a month. Its 3-kW xenon -arc source is filtered with optical elements to resemble the AML5 Global spectrum (ASTM E927 class A). Spatial uniformity of ±3%, at one sun, is attain able over the area of the vacuum plate (3 0 em by 30 em ). Uniform sample temperature of ±1 oc is attained over the range from 5° -50°C with the use of this plate. The irr adiance is adjustable from 0.2 to 20 suns with decreased sample size and spatial unifonnity. One modification to the X25 has been a custom attac hment of up to 19 separate, individually adjustable filters to modify the spectrum. This provides the capability to set the current for each junction in a multijunction cell or module to the proper level. A custom data acquisition system allows for access to the data and ease of future modifications. The system is also used for low-level concentrator cell and dark I-V measurements (>10 pA).
The continuous-illumination concentrator system is adjustable from 0.1 to 200 suns. A 1-kW Xe shon-arc source through focusing optics yields a beam diameter from 0.1 em to 4 em. The "Fast V" method [7] is used to set cell temperature. Alternatively, a 7-k W tungsten infrared lamp without focusing optics may be used for thermophotovoltaic devices. Because of the high-intensity light, large temperature gradients exist between the temperature-controlled plate and the device space-charge region. The bias power supply and voltmeters are controlled by custom software.
Voltage and current uncertainties are less than ±1 mV and ±10 �A, respectively.
The Large-Area Continuous Solar Simulator (LACSS) measurement system, manufactured by Spectrolab Inc., has a continuous 20-kW xenon short-arc lamp with a water-cooled collector, with integration optics and filters to provide a close match to the A.i\11.5 Global spectrum. It is housed in a special room to permit samples as large as 122 em by 152 em to be measured, with spatial uniformity of ±3%. A special test bed was designed and installed for improved mounting and temperature measurement of the samples. Custom software controls the data acquisition system, enabling the system to perform dark I-V measurements on modules, as well as ensure compatibility with other systems within the team. This system enhances the capability to evaluate modules that are sensitive to pre-measurement conditions, bias rate, or bias direction [8] .
The Large-Area Pulsed Solar Simulator (Spectrolab Inc.'s LAPSS m can measure samples in size up to 2 m by 2 m, which is limited by the room size. This model is used extensively by the aerospace community. The system incorporates a lamp housing, a pulse-forming network, and a data acquisition system. The light source is two xenon long-arc lamps (1-3 kV) that delivers a pulse for 1 ms with a spatial uniformity of ±2% over the test bed. The test bed was custom made and matches the one for the LACSS. A new custom temperature-controlled test bed, currently being assembled for use with LAPSS and LACSS, will enable us to make I-V measurements over the temperature range of 15° to 75°C, with improved temperature coefficient measurements as a result. The large distance ( 10 m) between the test bed and lamps allows for the spectrum to be modified by filtering a portion of the light with colored glass for multi junction modules.
The High-Intensity Pulsed Solar Simulator (HIPSS), which is also manufactured by Spectrolab Inc., is used to measure I-V characteristics of cells used for solar concentrator and thermophotovoltaic applications. The system is a high-intensity lamp housing that uses the same pulse-forming network and data acquisition system used with the LAPSS. The light source is the same as the LAPSS, but with parabolic mirr ors. This system is capable of delivering up to a 2000-sun pulse of light, with a spatial uniformity within 2% over a 10-cm by 10-cm temperature-controlled vacuum plate for about 1 ms. Because this is a flash simulator, the sample temperature change is negligible during the , test. The data acquisition system is controlled by software developed by :N"REL. With future enhancements, the spectrum can be modified, with the spatial uniformity being maintained, by placing filters close to the bulb. SPIRE solar simulators are commonly used by the terrestrial PV community because of their cost and ease of use. Module measurements at NREL are performed on a model #240A whenever possible to compare data with customers using the same model. It has been used at NREL for the past 15 years and provides in excess of 100 measurements per month. The unit incorporates a long-arc pulsed xenon lamp as its light source, which is flashed at a rate of up to 15 Hz and is filtered to resemble the global reference spectrum. During each pulse, a data point is taken for a total of more than two hundred points of data per sample. The span of irr adiance is 0.5 to 1.3 suns. Screen filters are used to extend the intensity range down from 0.5 to 0.15 suns, when needed. The spatial uniformity is ±3% over an area of76 em by 130 em. Temperature measurements are made with a spring-loaded, type K thermocouple making contact with the back of the sample. Procedures have been developed to calibrate the permanently mounted reference cell using cells or modules that are calibrated by other systems. A removable heating blanket is used in making temperature-coefficient measurements [9] . The original software has been modified for improved data analysis and retrieval, as well as for improved data presentation. Thi? system produces errors in the value for fill factor and maximum power on some thin-film material samples due to its flash rate and the sample's response time [8] .
Outdoor Systems
The Standard Outdoor Measurement System (SOMS) provides the capability to perform I-V measurements outdoors under natural sunlight.
Normally, these measurements are performed under clear-sky conditions between 950 and 1050 W/m 2 and as close to 2Y C ambient temperature as possible. The sample is mounted to a custom test bed that can be rotated or tilted to any position. Temperature measurements can be made with thermocouples or resistance temperature detectors, usually making contact with the back surface of the sample. To ensure that samples are not light-soaked or being annealed, the exposure time of the sample is kept to a minimum (<5 minutes).
Because of this quick "snap-shot" approach, the PV junction temperature is not at an equilibrium condition during the measurement. The total irr adiance is measured using a calibrated PV silicon cell in a module package, as well as a pyranometer. The spectral irradiance is measured during the test using a modified LICOR LI-1800 remperature controlled spectroradiometer. Meteorological data are measured and recorded during the measurement. The Daystar DS-10/125 Portable I-V Curve Tracer gives us with the capability of going to the sample and measuring it in situ. The total irr adiance is measured using a pyranometer mounted in the same pla.t J.e as the sample.
